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Abstract
Parabolic trough collector is an emerging solar technology for achieving the sustainability. Numerous studies have been 
focused on their performance evaluation and many techniques have been suggested for improving their thermal efficiency. 
The objective of this paper is to determine the impact of various thermal enhancement techniques on the thermal efficiency 
improvement of the PTC. The most usual techniques for increasing the thermal performance of parabolic trough collectors 
are the use of inserts, internal fins, metallic foams and the dimpled absorbers. A parametric analysis is conducted using 
different values of the thermal enhancement ratio (Nusselt number to the Nusselt number of the smooth absorber case). 
According to the final results, the thermal efficiency enhancement can reach up to 2% when the Nusselt number is about 2.5 
times greater compared to the reference case and the inlet temperature is equal to 600 K. Moreover, in this case, the thermal 
losses are approximately 22% lower than in the respective reference case. For higher Nusselt number ratios, the thermal 
enhancement presents relatively small increase. This analysis is performed with a developed thermal model in Engineering 
Equation Solver (EES) which is validated with the literature results.
Keywords PTC · Thermal enhancement · Nusselt number · Performance assessment
List of symbols
Variables
A  Area,  m2
C  Concentration ratio, –
cp  Specific heat capacity under constant pressure, J/
kg K
D  Diameter, m
E  Exergy, W
F  Focal length, m
Gb  Solar direct beam irradiation, W/m2
h  Heat transfer coefficient, W/m2 K
hout  Convection coefficient between cover and ambient, 
W/m2K
k  Thermal conductivity, W/mK
K  Incident angle modifier, –
L  Tube length, m
m  Mass flow rate, kg/s
Nu  Nusselt number, –
Nu0  Nusselt number of reference case, –
Pr  Prandtl number, –
Q  Heat flux, W
R  Nusselt number ratio, –
Re  Reynolds number, –
r  Concentrator reflectance, –
T  Temperature, K
Tsky  Sky temperature, K
V  Volumetric flow rate, L/min
Vwind  Ambient air velocity, m/s
W  Width, m
Greek symbols
α  Absorber absorbance, –
γ  Intercept factor, –
ε  Emittance, –
ηex  Exergetic efficiency, –
ηopt  Optical efficiency, –
ηth  Thermal efficiency, –
θ  Solar beam incident angle, °
μ  Dynamic viscosity, Pa s
τ  Cover transmittance, –
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Subscripts and superscripts
a  Aperture
abs  Absorbed
am  Ambient
c  Cover
ci  Inner cover
co  Outer cover
fm  Mean fluid
in  Inlet
loss  Thermal loss
m, ex  Mean exergetic
out  Outlet
pet  Petela
r  Receiver
ri  Inner receiver
ro  Outer receiver
s  Solar
u  Useful
0  Reference case
Abbreviations
EES  Engineering Equation Solver
PTC  Parabolic trough collector
Introduction
Renewable energy sources are promising solutions for facing 
the recent worldwide problems as the fossil fuel depletion 
[1], the climate change [2] and the increasing energy demand 
[3]. Solar energy is one of the most reliable choices among 
the renewable resources because this energy source can 
be converted into useful heat or electricity [4–7]. Numer-
ous applications use solar energy for covering their energy 
needs. Solar energy is exploited for power production with 
photovoltaic panel and with concentrating solar collectors 
coupled with Rankine, Brayton or Stirling cycles. Moreover, 
solar energy is utilized for many other applications as hot 
water production, industrial heat production, desalination, 
cooling, space heating and methanol reforming [8, 9].
Solar collectors are the devices which are used for captur-
ing the incident solar irradiation and to convert it to useful 
output. Parabolic trough collector (PTC) is the most mature 
solar technology for utilization in a great range of appli-
cations of temperatures up to 400 °C [10, 11]. The usual 
working fluids in PTC are water/steam, thermal oils and 
molten salts, as well as there are some applications with 
gas working fluids (air, nitrogen, helium and carbon diox-
ide) [12–16]. The cost of PTCs is reasonable and it is close 
to 200 €/m2 for great scale installations and thus PTCs are 
more competitive choices compared to other solar technolo-
gies. However, the sustainability of PTCs is depended on 
their thermal performance which directly indicates the use-
ful energy production amount.
In this direction, numerous ways for enhancing their per-
formance have been studied in the literature. Many ideas 
have been proposed and the main goal of them is to increase 
the heat transfer rate inside the absorber of the PTC in order 
more energy to be transferred to the heat transfer fluid [13, 
17]. In other words, these ideas goal to increase the Nusselt 
number inside the flow and thus many ideas from the heat 
transfer science have been applied in PTCs. Furthermore, 
the heat transfer enhancement in PTC is able to reduce the 
temperature gradients in the circumferential temperature 
distribution of the absorber which leads to higher thermal 
stresses and to greater deformation problems [13, 18].
In the first category of literature studies, the use of inter-
nally fin absorbers is examined. Gong et al. [19] investigated 
the impact of pin fin arrays inside a PTC. They found small 
enhancements in Nusselt number up to 5%. Benabderrah-
mane et al. [20] examined a similar idea using to greater fins 
in the low part of the absorber. They found that the Nusselt 
number can be enhanced up to 80%. Bellos et al. [21, 22] 
investigated the use of internally finned absorbers operat-
ing with gas working fluids and they finally found 100% 
enhancement in heat transfer coefficient and consequently in 
the Nusselt number. According to their results, the thermal 
efficiency can be enhanced up to 3–4%.
The next category of studies examines modifications in 
the absorber surface. Wang et al. [23] studied the use of 
an asymmetric outward convex corrugated tube in PTC. 
The achieved Nusselt number was about 1.2 times greater 
than the smooth case. Bellos et al. [24] examined the use of 
converging–diverging absorber tube geometry for operation 
with thermal oil. They found 25% enhancement in the Nus-
selt number and thermal efficiency enhancement up to 4%. 
Huang et al. [25] examined a dimpled PTC and they found 
that the deeper dimples lead to 1.4 times greater Nusselt 
ratio compared to the respective smooth case.
The last category of literature studies examines the use 
of inserts inside the tube to the turbulence to be increased. 
Kumar and Reddy [26] examined the insert of porous discs 
vertical to flow and they proved 64% enhancement in Nus-
selt number. Mwesigye et  al. [27] examined the use of 
wall-detached twisted tape inserts and they found that this 
method leads to 2.7 times greater Nusselt number and to 5% 
increase in thermal efficiency. Jaramillo et al. [28] found 
that the twisted tape inserts lead to 190% increase in the 
Nusselt number with 3% thermal efficiency enhancement. 
Too and Benito [29] conducted a comparative analysis of 
twisted tape insert, helical coil/wire insert, dimpled tube 
and porous foam inside a PTC operating with air, helium 
and carbon dioxide. According to their results, the Nusselt 
number enhancement is found 300, 200 and 100%, respec-
tively. Using the thermal performance index criterion, they 
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selected the dimpled tube as the best case and they found 
0.8% thermal efficiency enhancement with this technology. 
Wang et al. [30] examined the use of metal foams in PTCs 
for steam generation. They proved that the Nusselt number 
can be about eight times greater than the empty tube, while 
huge pressure losses are found.
As it is obvious from the previous literature review, many 
thermal enhancement techniques have been evaluated in the 
literature. These studies present mainly results about the 
Nusselt number enhancement and they are not focused on 
the thermal efficiency enhancement of the PTC which is the 
main goal for the PTCs. In some cases, the Nusselt number 
enhancement is very small and in others has great values. 
This study comes to present with a clear and systematic 
way the relationship between the Nusselt number enhance-
ment and the thermal efficiency enhancement. The results 
of this study indicate which Nusselt enhancements lead to 
adequate thermal efficiency enhancement. This knowledge 
makes easier the selection of thermal enhancement methods 
and clearly proves the need for Nusselt enhancement up to a 
limit. More specifically, this study makes clear the thermal 
efficiency enhancement margin for every thermal enhance-
ment method if the increase in the Nusselt number is known. 
The module of the LS-2 PTC is used in this study which is a 
usual choice in similar studies about PTCs. The analysis is 
performed with a developed thermal model in Engineering 
Equation Solver (EES). This thermal model is validated with 
the literature results and it is can be assumed as reliable.
Materials and methods
The examined parabolic trough collector
In this section, the examined PTC is presented. LS-2 PTC 
is selected to be examined as a usual PTC in similar stud-
ies. There is great knowledge about this module and the 
results can be easily compared with the literature. Moreover, 
there are adequate results for the validation of the developed 
model. Figure 1 presents the LS-2 designed in SolidWorks.
The receiver of this collector is an evacuated tube collec-
tor. The absorber of this collector is made of stainless steel 
and the cover is made of glass. There is vacuum (extremely 
pressure close to 0.01 Pa) between these materials to achieve 
approximately zero convection losses. Table 1 gives the 
main information about the examined PTC [31]. The con-
centration ratio of this collector is about 22.74, its aperture is 
39 m2 and the optical efficiency is close to 75.7%. The reflec-
tance has been selected close to 83% to take into account 
various errors about racking, clearness and manufacturing 
errors. The intercept factor is taken close to 1 because of the 
accurate design of the examined PTC [31].
Mathematical formulation
This section includes the developed mathematical modeling 
for the simulation of the PTC. Equations about the energy bal-
ances are given, as well as for the parameters which demanded 
in the present modeling. More information about the present 
mathematical modeling can be found in Refs. [14, 15].
The available solar energy on the collector aperture is the 
product of the direct beam solar irradiation (Gb) and of the 
collector aperture (Aa), according to Eq. 1 [14],
The absorbed energy from the absorber (Qabs) is given as 
[14]
The optical losses are calculated with the optical effi-
ciency (ηopt). This parameter is the product of various param-
eters, as they are given below [31]:
(1)Qs = Aa ⋅ Gb.
(2)Qabs = Qs ⋅ 휂opt.
Fig. 1  The examined module of LS-2 PTC
Table 1  Parameters of the examined PTC [31]
Parameters Symbols Values
Width W 5.0 m
Length L 7.8 m
Focal distance F 1.84 m
Aperture Aa 39.0 m2
Concentration ratio C 22.74
Absorber inner diameter Dri 66 × 10−3 m
Absorber outer diameter Dro 70 × 10−3 m
Cover inner diameter Dci 109 × 10−3 m
Cover outer diameter Dco 115 × 10−3 m
Cover emittance εc 0.86
Cover transmittance τ 0.95
Absorber absorbance α 0.96
Concentrator reflectance r 0.83
Intercept factor γ ~ 1
Maximum optical efficiency ηopt 0.757
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In the present study, zero incident angle is selected and thus 
the incident angle modifier K(θ) is taken equal to one. This 
assumption is made in order the emphasis to be given to the 
thermal behavior of the PTC.
The useful energy production (Qu) is calculated by the 
energy balance in the working fluid volume, as it presented 
by Eq. 4 [15]
The thermal efficiency (ηth) of the solar collector is the ratio 
of the produced useful heat to the available solar energy (Qs) 
[15],
The useful heat can be also calculated by examining the 
heat transfer between the absorber tube and the working fluid. 
The mechanism of the heat transfer is the convection which 
is modeled using the heat transfer coefficient (h), as it is pre-
sented below [15]:
The mean fluid temperature (Tfm) can be calculated as the 
mean value of the inlet (Tin) and the outlet (Tout) fluid tem-
peratures [15],
The heat transfer coefficient can be estimated using the 
Nusselt number (Nu) which is defined as
For turbulent flow and smooth absorber (Re > 2300), the 
Nusselt number (Nu0) can be calculated using the Dittus–Boe-
lter equation [32]. In the present analysis, only turbulent con-
ditions are examined and thus equation only for the turbulent 
region is given,
The Reynolds number (Re) and the Prandtl number (Pr) are 
defined according to the following equations. The Eq. 10 about 
Reynolds number corresponds to tubular absorbers,
(3)휂opt = 휌 ⋅ 훾 ⋅ 휏 ⋅ 훼 ⋅ K(휃).
(4)Qu = m ⋅ cp ⋅
(
Tout − Tin
)
.
(5)휂th =
Qu
Qs
.
(6)Qu = h ⋅ Ari ⋅
(
Tr − Tfm
)
.
(7)Tfm =
Tin + Tout
2
.
(8)Nu = h ⋅ Dri
k
.
(9)Nu0 = 0.023 ⋅ Re0.8 ⋅ Pr0.4.
(10)Re =
4 ⋅ m
휋 ⋅ Dri ⋅ 휇
,
(11)Pr =
휇 ⋅ cp
k
.
The developed thermal model of this study is based on 
the energy balance on the absorber tube. The absorbed solar 
energy (Qabs) is separated into useful heat (Qu) and to ther-
mal losses (Qloss), as Eq. 12 indicates
The thermal losses of the solar collector can be calculated 
as [15]
Equation 13 gives the thermal losses of the absorber 
to the cover in steady-state conditions [15]. This equation 
expresses the thermal losses of the absorber with mean tem-
perature (Tr) and the cover with mean temperature (Tc). The 
absorber emittance (εr) is taken as a function of its tem-
perature level. For cermet coating, the following equation is 
selected is given below [33]:
The thermal losses of the cover to the ambient are cal-
culated as [34]
These thermal losses have radiation and convection part. 
For the radiation part, the sky temperature (Tsky) is estimated 
as [35]
The heat convection coefficient between cover and ambi-
ent (hout) is calculated according to Eq. 17 [34]. For wind 
velocity (Vwind) close to 1 m/s, this equation indicated that 
the heat convection coefficient is close to 10 W/m2 K,
Moreover, it is useful to give the way that the volumetric 
flow rate (V) is calculated using the mass flow rate (m). The 
units are given in this formula to present it in a clear way,
At the end of this section, equations about the exergetic 
analysis of this collector are given. The exergy flow of the 
incident solar irradiation (Es) is calculated according to the 
Petela model [36]. This modeling is accurate for undiluted 
solar irradiation and it is ideal for the present case because 
the PTC utilizes only the solar beam irradiation. The sun 
temperature (Tsun) is taken equal to 5770 K which is a rep-
resentative value for the sun temperature in its outer layers,
(12)Qabs = Qu + Qloss.
(13)Qloss =
Aro ⋅ 휎 ⋅
(
T4
r
− T4
c
)
1
휀r
+
1−휀c
휀c
⋅
(
Aro
Aci
) .
(14)휀r = 0.05599 + 1.039 ⋅ 10−4 ⋅ Tr + 2.249 ⋅ 10−7 ⋅ T2r .
(15)
Qloss = Aco ⋅ hout ⋅
(
Tc − Tam
)
+ Aco ⋅ 휎 ⋅ 휀c ⋅
(
T4
c
− T4
sky
)
.
(16)Tsky = 0.0553 ⋅ T1.5am .
(17)hout = 4 ⋅ V0.58wind ⋅ D−0.42co .
(18)V
[
l∕min
]
=
m
[
kg/s
]
휌
[
kg/m3
] ⋅ (60 ⋅ 103).
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The useful exergy output (Eu) can be calculated as [15]
The exergetic efficiency of the solar collector (ηex) is the 
ratio of the useful exergy production to the exergy input [15],
Model validation
The developed thermal model of this study is validated using 
the literature data. These data are given in Ref. [33] and they 
have used for validation proposes in many studies as the Ref. 
[31]. The solar collector is tested under different operating 
conditions, as they are given in Table 2. The working fluid 
is Syltherm 800 and its properties are taken from Ref. [37].
Table 2 proves that the deviation in the outlet temperature 
calculation is 0.23% and in the thermal efficiency calculation 
is 2.12%. These small deviations prove the high accuracy of 
the developed thermal model. Moreover, it is important to 
state that this model has been used in many other studies as 
in Refs. [14, 15] where its validity has also proved.
Followed methodology
The objective of the present work is to determine the 
thermal efficiency enhancement of the PTC when there 
is an increase in the Nusselt number. The increase in the 
Nusselt number can be achieved using a thermal enhance-
ment method, as the described methods in “Introduction”. 
For example, the use of internal fins, dimpled absorber, 
twisted tape inserts, helically fins and metal foam are usual 
(19)Es = Qs ⋅
[
1 −
4
3
⋅
(
Tam
Tsun
)
+
1
3
⋅
(
Tam
Tsun
)4]
.
(20)Eu = Qu − m ⋅ cp ⋅ Tam ⋅ ln
[
Tout
Tin
]
.
(21)휂ex =
Eu
Es
.
techniques which can improve the Nusselt number many 
times. In the present study, the Nusselt number enhance-
ment is approximated with a simple and direct way by 
inserting the Nusselt number ratio (R) in our study. This 
ratio is equal to the Nusselt number of the examined case 
with thermal enhancement method to the Nusselt number 
for the smooth case,
This ratio is equal the heat transfer coefficient ratios 
(see Eq. 8) approximately because the thermal properties 
are the same between the cases. The factor (R) takes values 
from 1 to 5 in this study, covering a great range of thermal 
enhancement cases as they are described in “Introduction”. 
The cases with smooth and empty absorbers as the module 
of LS-2 PTC are the reference cases and they are symbol-
ized with the subscript “o”.
The thermal modeling has been developed in Engineer-
ing Equation Solver (EES) by F-Chart [38]. More informa-
tion about this modeling, as well as a flow chart, can be 
found in Refs. [14, 15]. The developed model is based on 
the mathematical equations which have been presented in 
“Mathematical formulation”. It has been assumed that the 
absorber temperature is uniform (Tr) in every case and the 
fluid properties have been calculated at the mean fluid tem-
perature (Tfm). These assumptions have been used in Refs. 
[14, 15], as well as in Refs. [39, 40]. The examined PTC 
is only a module and it is not very long, as the solar fields 
and thus these assumptions are reasonable and acceptable. 
Moreover, the fluid temperature variation from the inlet to 
the outlet is not very high (generally up to 10 K), the fact 
that proves that the selection of the thermal properties 
in the mean fluid temperature is acceptable. The working 
fluid is Syltherm 800 which can operate in liquid phase 
from − 40 to 400 °C under a low pressure of 15 bar [37]. 
It is important to state that this study does not examine the 
(22)R =
Nu
Nu0
≈
h
h0
.
Table 2  Validation results with Ref. [33]
Cases Gb (W/m2) Vwind (m/s) Tam (K) Tin (K) V (L/min) Tout (K) ηth (%)
Ref [33] Model Deviation (%) Ref [33] Model Deviation (%)
1 933.7 2.6 294.2 375.2 47.7 397.0 397.5 0.13 72.51 73.28 1.06
2 968.2 3.7 295.4 424.0 47.8 446.3 440.4 1.32 70.90 72.31 1.99
3 982.3 2.5 297.3 470.5 49.1 492.5 493.1 0.12 70.17 71.23 1.51
4 909.5 3.3 299.3 523.7 54.7 542.4 542.3 0.02 70.25 69.33 1.31
5 937.9 1.0 299.2 570.8 55.5 589.4 589.8 0.07 67.98 67.03 1.40
6 880.6 2.9 301.8 572.0 55.6 590.2 589.7 0.08 68.92 66.57 3.41
7 903.2 4.2 300.5 628.9 56.3 647.0 646.7 0.05 63.82 62.12 2.66
8 920.9 2.6 304.1 652.5 56.8 671.0 670.6 0.06 62.34 60.06 3.66
Mean – – – – – – – 0.23 – – 2.12
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pressure losses because they are extremely low for opera-
tion with liquid working fluid [15].
The pressure losses can be increased by the use of the 
thermal enhancement methods but they are too low and 
they do not play an important role. The simultaneous eval-
uation of the Nusselt number increase and of the pressure 
losses increase has been evaluated from many other litera-
ture papers, as the majority of is described in “Introduc-
tion”, and it is not the objective of this work.
This work is focused on the thermal efficiency enhance-
ment using different enhancements in the Nusselt number. 
Practically, the PTC is a special case for examining this 
phenomenon and it presents differences with the usual 
applications with heat transfer in usual heat exchangers. 
The amount of the heat transfer is depended on the heat 
transfer coefficient (~ Nusselt number) and of the tube 
temperature (receiver temperature—Tr). Equation  23 
gives the thermal efficiency enhancement using these 
parameters:
According to Eq. 23, higher (R) and higher (Tr − Tfm) 
increases the thermal efficiency enhancement. By assum-
ing that the mean fluid temperature is approximately con-
stant (a reasonable assumption for operation with high 
flow rates in the turbulent region), higher (Tr) is needed 
for higher thermal efficiency enhancement according 
to Eq. 23. However, higher receiver temperature means 
higher thermal losses and lower useful heat amounts (see 
Eqs. 12 and 13, and assume constant Tc). These reverse 
factors make the situation complicated and an analysis as 
the present is demanded. In every case, the receiver tem-
perature is calculated using the equations of the “Math-
ematical formulation” and the thermal enhancement is 
calculated. Different Nusselt number ratios are used for 
flow rate equal to 100 L/min. This flow rate is adequate 
for achieving high performance, as it will be proved in 
“Results”.
In this study, the ambient conditions have been kept 
constant in order the emphasis to be given in the thermal 
enhancement method investigation. The solar collector is 
(23)
휂th
휂th,0
=
Qu
Qu,0
= R ⋅
(
Tr − Tfm
)
(
Tr − Tfm
)
0
.
examined at the higher possible solar irradiation levels, 
a usual technique in similar studies. Table 3 includes the 
input values in the model.
At the end of this section, it is important to note which are 
the input and the output parameters of the developed model. 
The solar irradiation, the ambient temperature, the inlet fluid 
temperature, the flow rate and the parameter R are the inputs. 
The main outputs are the fluid outlet temperature, the ther-
mal efficiency, the exergy efficiency, the thermal losses and 
the receiver mean temperature. The developed program in 
EES includes all the given equations of “Mathematical for-
mulation”. These equations have been solved by the EES 
solver with a maximum relative error up to  10−6.
Results
Preliminary results of this analysis
This section is devoted to presenting the preliminary results 
of this paper. Figure 2 gives the collector thermal effi-
ciency for various flow rates and inlet temperature levels. 
These results are obtained for the reference case which is 
the smooth absorber without any enhancement method or 
modification. In this case, the Nusselt number ratio (R) is 
equal to 1. The reason for including the Fig. 2 in this analysis 
is for determining an adequate flow rate for achieving high 
performance. The flow rate of 100 L/min is an adequate 
value which leads to high efficiency. Generally, higher flow 
rates are able to increase the pumping work and it is better 
not to be selected. Moreover, the literature data of Ref [33] 
indicates a relatively low flow rate of about 50–60 L/min. 
Thus, the selection of 100 L/min is a reasonable solution 
taking into account the previous statements.
The next part of this study is devoted to presenting results 
for various inlet temperatures and different Nusselt number 
ratios. In all the following cases, the flow rate is equal to 
100 L/min, as it is stated before. Figure 3 gives the thermal 
Table 3  Constant parameters of the simulations
Parameters Symbols Values
Ambient temperature Tam 300 K
Solar beam irradiation Gb 1000 W/m2 K
Wind speed Vwind 1 m/s
Incident angle θ 0ο
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Fig. 2  Thermal efficiency of the reference collector for various flow 
rates and inlet temperatures
65International Journal of Energy and Environmental Engineering (2018) 9:59–70 
1 3
efficiency curves for various cases with and without thermal 
enhancement. The curve with the blue color indicates the 
reference case, while the dotted black curves are the maxi-
mum possible achieved thermal efficiency. The maximum 
possible thermal efficiency is the case with infinite values 
of the Nusselt number ratio and in this case, the receiver 
temperature is approximately equal; to the mean fluid tem-
perature. All the other cases represent cases with thermal 
enhancement methods and they are between the reference 
case and the maximum thermal efficiency case. Higher val-
ues of Nusselt number ratio lead to higher thermal efficiency, 
but after a limit (maybe R = 2–3) the curves are close to each 
other. This situation will be examined with more details in 
Figs. 7 and 8. Moreover, it is important to state that the ther-
mal efficiency is getting lower with the increase of the inlet 
temperature and all the curves have similar trends. More 
specifically, these curves are approximately second-order 
polynomials.
Figure 4 exhibits the results of the thermal losses for all 
the respective cases of Fig. 3. It is obvious that higher thermal 
losses are associated with lower thermal efficiency, as the fol-
lowing equation indicates:
(24)휂th = 휂opt −
Qloss
Qs
.
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Fig. 3  Thermal efficiency curves for various Nusselt number ratios
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Fig. 4  Thermal losses at various inlet temperatures and Nusselt num-
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It is noticeable that the thermal efficiency presents a small 
variation with the inlet temperature (64–75%), while the ther-
mal losses present from 10 W up to 4500 W. This result shows 
that an increase in the thermal losses leads to a relatively 
smaller reduction in the thermal efficiency.
The higher thermal losses are associated with higher 
receiver temperatures, as shown in Fig. 5. In Fig. 4, the thermal 
losses curves are second-order polynomials, while the curves 
of receiver temperature are approximately linear, according 
to Fig. 5. This figure indicates that the reference case presents 
the maximum receiver temperature and the cases with infinite 
Nusselt number ratio present the lowest receiver tempera-
ture close to the mean fluid temperature. For operation with 
Syltherm 800, the mean fluid temperature is close to the inlet 
temperature with a difference up to 5 K.
The exergetic efficiency is illustrated in Fig. 6. Practically, 
the cases with higher thermal efficiency are associated with 
higher exergetic efficiency. The exergetic efficiency of this col-
lector has an increasing rate which is getting lower with the 
increase of inlet temperature. Practically, for inlet temperature 
close to 650 K, the exergetic efficiency is approximately maxi-
mized and it takes values close to 40%. More specifically, for 
the theoretical case with maximum performance (black dotted 
line), the exergetic efficiency is 38.73%, while for the reference 
case is 37.01%. The reason for the reducing rate of the exer-
getic efficiency increase is the reduction in the thermal effi-
ciency, according to Fig. 2. At this point, it would be valuable 
to make a deeper analysis, using some extra equations. The 
useful exergetic efficiency can be written as Eq. 25 indicates, 
using the Eqs. (4, 19, 20, 21),
With the ηpet to be the Petela factor for exergetic 
efficiency,
(25)휂ex =
휂th
휂pet
⋅
(
1 −
Tam
Tm,ex
)
.
And the Tm,ex to be the mean exergetic temperature,
The mean exergetic fluid temperature is close to the 
inlet temperature for the examined cases. This observation 
proves that the thermal efficiency is depended on the ther-
mal efficiency (ηth) and the exergetic factor (1 − Tam/Tm,ex), 
as Eq. 25 shows. Higher values of inlet temperature lead to 
lower thermal efficiency (see Fig. 2) and to higher values of 
the exergetic factor (1 − Tam/Tm,ex). These contrary factors 
make the exergetic efficiency to present approximately maxi-
mum point for inlet temperature close to 650 K.
Thermal enhancement analysis
In this section, results about the thermal performance and 
thermal enhancement of PTCs are given with more details. 
Figures 7 and 8 give results about the thermal efficiency of 
the examined PTC for various Nusselt number ratios and 
inlet temperatures equal to 300, 400, 500 and 600 K. Fig-
ure 7 proves that higher Nusselt ratio leads to higher thermal 
efficiency but after a limit, the increase is negligible. More 
specifically, for Nusselt ratios after 2.5, there is no practi-
cal increase in the thermal efficiency. Furthermore, Fig. 8 
illustrates the thermal efficiency enhancement percentage for 
various Nusselt number ratios. It is again obvious that the 
Nusselt number ratio after the value of 2.5 does not create 
significant enhancement on the thermal performance. It is 
essential to state that the thermal enhancement is greater for 
operation at higher temperature levels. More specifically, for 
inlet temperatures 300, 400, 500 and 600 K, the maximum 
thermal enhancements are 0.6, 0.9, 1.5 and 2.7%, respec-
tively. Higher inlet temperature levels create higher thermal 
losses and the enhancement margin is greater. This observa-
tion explains the higher thermal enhancements for operating 
at higher temperature levels.
Figures 9 and 10 depict the thermal losses of the exam-
ined cases. Figure 9 shows that higher Nusselt number ratio 
leads to lower thermal losses and Fig. 10 proves that the high 
thermal loss decreases can be achieved. It is important to 
state that the thermal loss decrease is up to 82% for opera-
tion with inlet temperature equal to 300 K, while for inlet 
temperatures 400, 500 and 600 K it reaches up to 46, 30 and 
22%, respectively. The thermal loss decrease is many times 
greater than the thermal efficiency enhancement because 
(26)휂pet = 1 −
4
3
⋅
(
Tam
Tsun
)
+
1
3
⋅
(
Tam
Tsun
)4
.
(27)Tm,ex =
Tout − Tin
ln
[
Tout
Tin
] .
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Fig. 8  Thermal efficiency enhancement for various Nusselt number 
ratios and for different inlet temperature levels
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the thermal losses are small compared to the useful energy 
production.
Figures 11 and 12 give results for the receiver tempera-
ture. It is obvious that receiver temperature is getting lower 
for higher Nusselt ratios, according to the results of Fig. 11. 
Figure 12 shows that the receiver temperature decrease for 
inlet temperatures 300, 400, 500 and 600 K are 18, 10, 6 and 
5%, respectively. It is obvious that the receiver temperature 
reduction is higher than the thermal efficiency enhancement 
and lower than the thermal loss decrease.
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Figures 13 and 14 exhibit results about the exergetic 
performance of the PTC. Figure 13 gives the exergetic effi-
ciency for different inlet temperatures and Nusselt number 
ratios. It is obvious that higher inlet temperature leads to 
higher exergetic performance. Moreover, the impact of Nus-
selt number ratio is negligible after the value of 2.5. This 
result is also proved by Fig. 14. The thermal enhancements 
in the exergetic efficiency are similar with the thermal effi-
ciency enhancements. This result can be explained by the 
Eq. 25.
Discussion
At this section, the main results about the thermal and exer-
getic enhancement, as well as about the thermal losses and 
receiver temperature decrease, are summarized in Table 4. 
These results are taken for inlet temperature equal to 600 K 
which is the most representative temperature for PTCs oper-
ation. According to the results in Table 4, and of the results 
of “Results”, it is obvious that thermal enhancement can be 
achieved with the increase of Nusselt number. Higher val-
ues of Nusselt number ratio lead to significant thermal loss 
decrease (up to 22%) and to lower decrease in receiver tem-
perature up to 5% for inlet temperature equal to 600 K. The 
thermal efficiency enhancement and the exergetic efficiency 
enhancements are up to 3% for inlet temperature equal to 
600 K.
It is important to state that the Nusselt number ratio 
increase leads to higher thermal efficiency enhancement 
for all the examined values from 1 to 5. However, after the 
limit of ~ 2.5, the thermal efficiency enhancement is not so 
intense. This observation makes clear the need for thermal 
enhancement techniques which leads to Nusselt number up 
to 2.5 times greater than the reference case. As reference 
case is the case of a smooth and empty tube of the LS-2 
PTC module. Moreover, it is important to state that tech-
niques which lead to greater Nusselt number ratios usually 
are associated with greater pressure losses and higher manu-
facturing difficulties-costs. Thus, it is important to select 
the proper technique which leads to the adequate Nusselt 
number enhancement.
According to the literature review, techniques as the use 
of internal fins and the use of twisted tape inserts lead to the 
proper Nusselt number ratios which make the thermal effi-
ciency enhancement close to 2%. For example, the studies 
of Refs. [21, 22] indicate that the use of internal fins leads 
to thermal enhancements up to 3–4%. The Ref. [27] shows 
that the use of wall-detached twisted tape inserts lead to 
thermal efficiency enhancements up to 5% and the Ref. [28] 
indicates that the use of the twisted tape inserts leads to ther-
mal efficiency enhancements up to 3%. Two recent studies 
[41, 42] about the use of internal fins lead up to 1% thermal 
efficiency enhancement. These literature findings indicate 
similar thermal enhancements with the present study. The 
results of this work can be used in real applications to know 
the maximum thermal efficiency enhancement using various 
techniques which aim to increase the Nusselt number.
At this point, it would be important to comment on the 
impact of the solar beam irradiation on the thermal effi-
cient enhancement margin. Figure 15 depicts the thermal 
efficiency enhancement for various solar beam irradiation 
levels from 400 W/m2 up to 1000 W/m2. These results con-
cern the case of Nusselt number ratio (R) equal to 2, which 
Table 4  Thermal improvement results in inlet temperature equal to 
600 K
Nu/Nu0 Enhancement Decrease
ηth (%) ηex (%) Qloss (%) Tr (%)
1.0 0.00 0.00 0.00 0.00
1.2 0.60 0.60 4.94 0.96
1.4 1.01 1.02 8.37 1.66
1.6 1.32 1.33 10.89 2.19
1.8 1.56 1.57 12.84 2.61
2.0 1.74 1.76 14.38 2.93
2.2 1.89 1.91 15.61 3.20
2.4 2.02 2.04 16.65 3.43
2.6 2.12 2.14 17.53 3.63
2.8 2.21 2.23 18.26 3.79
3.0 2.29 2.31 18.89 3.93
3.2 2.36 2.38 19.45 4.07
3.4 2.42 2.44 19.96 4.17
3.6 2.47 2.49 20.37 4.27
3.8 2.52 2.54 20.74 4.36
4.0 2.56 2.58 21.09 4.44
4.2 2.59 2.62 21.40 4.52
4.4 2.63 2.66 21.69 4.58
4.6 2.66 2.69 21.97 4.64
4.8 2.69 2.72 22.19 4.69
5.0 2.72 2.74 22.41 4.75
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Fig. 15  The impact of the solar beam irradiation on the thermal effi-
ciency enhancement for Nusselt number ratio equal to 2
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is a representative case. Figure 15 proves that the thermal 
efficiency enhancement is higher for higher solar beam irra-
diation levels. This result is observed for all the examined 
inlet temperature levels. Moreover, the thermal efficiency 
enhancement is higher at higher inlet temperatures. So, it can 
be said that in the most interesting cases with higher solar 
potential and higher inlet temperature, the thermal efficiency 
enhancement is higher. This result indicates the utilization 
of thermal enhancement methods in cases where the PTC 
operates generally under great solar beam irradiation levels.
At the end of the discussion section, important assump-
tions and limitations of the present work have to be given. 
The developed model assumes that the receiver has a uni-
form temperature level and there is no temperature varia-
tion on its length. This assumption is reasonable because 
in this study only a module of the collector is examined 
and not a great solar field. Moreover, the thermal properties 
of the fluid have been taken at the mean fluid temperature, 
something with very small impact on the results because of 
the small difference between outlet and inlet temperatures. 
Moreover, the present analysis has been conducted for spe-
cific solar irradiation level and solar angle and not for vari-
ous combinations of these parameters. However, the selected 
values are typical for solar studies and they are acceptable.
Conclusions
This paper evaluates the thermal efficiency enhancement 
of parabolic trough collectors for various thermal enhance-
ment cases. These thermal enhancements cases are examined 
parametrically by evaluating different Nusselt numbers via 
the Nusselt number ratio parameter. This parameter indicates 
how many times the Nusselt number is increased by the use 
of a thermal enhancement technique, compared to the refer-
ence case. The most usual and representative techniques are 
the use of internal fins, inserts, metal foams and dimpled 
absorbers. The module of LS-2 PTC is examined with a 
developed thermal model in EES. This model is validated 
with the literature results and it is proved that it is accurate.
According to the final results, it is found that the ther-
mal losses can be decreased up to 22% for inlet tempera-
ture equal to 600 K, while the receiver temperature can be 
decreased up to 5%. In the respective cases, the thermal and 
exergetic efficiency enhancements reach up to 3%, small 
values which are based on the low thermal losses of PTC 
which let small enhancement margin. Moreover, it is found 
that Nusselt number ratios up to 2.5 have to be used because 
after this limit the thermal enhancement is extremely low. 
Thus, thermal enhancement techniques which are able to 
increase the Nusselt number up to 2.5 times compared to 
the respective smooth case can lead to 2% thermal efficiency 
enhancement. This small enhancement percentage is impor-
tant in the long-term analysis for all the life of the PTCs and 
it is able to make them a more sustainable solution among 
the renewable energy technologies.
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